Differential and integrated cross sections for the elastic scattering of low-and intermediate-energy (3-300 eV) positrons and electrons by argon atoms are calculated. Higher transport cross sections, representing moments of 1-(cos8)", for these systems are also obtained for n =1-4. Model potentials are used to represent the interactions between positrons or electrons and argon atoms. For each impact energy, the phase shifts of the lower partial waves are obtained exactly by numerical integra. tion of the radial equation. The Born approximation is used to obtain the contribution of the higher partial waves to the scattering amplitude. The phase shifts of the seven lowest partial waves are tabulated for various impact energies of positrons and electrons.
I. INTRODUCTION
Since the pioneer work of Ramsauer;' the study of electron scattering by noble gases has been of considerable theoretical and experimental interest. Observations and calculations of both the total collisional as well as elastic differential and integrated cross sections for the scattering of electrons by rare-gas atoms have been made. In particular, low-energy total collisional cross sections, for electron scattering, exhibit a Ramsauer-Townsend (RT) minimum for Ar, Kr, and Xe. Observations of the scattering of positrons by rare-gas atoms are relatively recent. "First generation experiments" on positron scattering included observations of the total collisional cross sections.? It was then observed that the scattering of positrons by only the lighter rare-gas atoms He, Ne, and possibly Ar, exhibited the RT minimum. Thus argon may playa unique role in exhibiting the RT minimum for the scattering of both the electrons and the positrons. With the advent of high-intensity positron beams, it has now become feasible to carry out "second generation experiments" for measurements of angular distribution of positrons elastically scattered by rare-gas atoms. The impetus for the present paper is provided by the recent measurement! of differential cross sections for elastic scattering of intermediate-energy positrons by argon atoms. In the present calculations of elastic scattering of electrons and positrons by argon, an attempt is made to use as similar (within physical consistency) potential for the two projectiles as is possible.
Elastic and total collisional scattering of electrons by argon has been given considerable attention, both experimentally as well as theoretically, during the past sixty years.
l ,4 -SS Webb 4 has summarized the electron-argon scattering results prior to 1935. The later experiments on integrated elastic and total collisional cross sections were performed by , Golden and Bandel" (0.1-21.6 eV), Kauppila et al. 7 (1.5-15.7 eV), , Wagenaar and de Heer 9 (20-100 eV), Kauppila et aI. 10 (15-800 eV), eV), Gupta and Rees24t25 (100 eV, 100-150°), Williams 26 (0.5-20 eV, 15°-150°), Srivastava et al. 27 (3-100 eV, 20°-135°), Andrick 28 (1-20 eV, 0°_180°), Qing et al. 29 (10-50 eV, 40°-110°), and Filipovie 30 (10-100 eV, 20°-150°). From experimental angular distribution measurements, integrated elastic cross sections have also been calculated in some cases. SemiempiricaI cross sections for elastic and inelastic scattering of electrons from argon in the energy range 20 to 3000 eV have been obtained by de Canter et al. 56 (2-400 eV), Jaduszliwer and Paul s7 (4-9 eV), Kauppila et al. S8 (0.4-18 eV), Coleman et al. 59 (2-960 eV), Griffith et al. 6O (30-800 eV) , Tsai et al. 61 (25-300 eV), Brenton et al. 62 (200-1000 eV), Sinapius et al. 63 (1-6 eV), Coleman et al. 64 (2-50 eV), and Kauppila et al. 10 (15-800 eV). A recent summary of positron-gas scattering is given by Stein and Kauppila. 65 Measurements of the angular distribution for positron-argon elastic scattering have been made by eV, 20°_60°) and by Hyder et al. 3 (100-300 eV, 300-135° 
where (J is the scattering angle. Equation (1) 
The typical values of L corresponding to the impact energies of 3 and 300 eV are 4 and 20, respectively. The infinite sum in Eq. (4) is then approximated by
where Is is the scattering amplitude in the Born approximation. For a spherically symmetric potential V (r), 1 00
o qr where q =2k sin(9/2) is the momentum transfer. The differential and the integrated elastic cross sections are
II. THEORY
Consider a projectile of charge e p , with laboratoryframe impact energy E, being scattered elastically by a target with central potential VCr). The scattering can be described by the radial part, uiir), of the lth partial wave of the wave function which satisfies (in atomic units)
:
The transport cross sections (including the momentum transfer, n = 1, cross section) are
Various phase shifts are used to obtain the scattering amplitude as Vp(r) for positron impact (12) =Vs(r)+ Vp(r)+ Vex(r) for electron impact. (13) is used as a self-consistent check on the present calculations. In the present calculations of elastic scattering of electrons and positrons by argon atoms, the potentials used are
The optical theorem
x Ir-r [ I drl· . · drz, (14) where Z is the nuclear charge of the target atom. 'iJ(rh ... ,rz) is the antisymmetrized Hartree-Fock wave function of the target and is expanded in terms of the Slater. . .type orbitals:
Here V, (r) is the static potential of the target atom, obtained by averaging over the motion of the target electrons: with
V p is tak-
The values of c (A,p,n, '(p,;) , and n (p,O are taken from the tables of Clementi and Roetti. 11 Defining, for convenience,
where t, j, and t are integers, the static potential for argon atom is given by
where N is the number of occupied shells in the atom and NAp is the number of electrons in the orbital (A,p 
where V D is the direct interaction potential, namely,
is the radial part of the Slater-type orbital as in Eq. (IS). Vex(r) is a shorter range and much weaker potential than the static potential. Hence it is excluded from the computation of the phase shifts of higher partial waves using the Born approximation. For the polarization potential, the integral for the lth Born phase shift, Eq. (5), defined by T ps l , is (for its derivation see Appendix B)
where if and k 1 are the modified spherical Bessel functions of the first and the third kind, respectively. (For their numerical evaluation see Appendix A.) The Born amplitude, Eq. (7), for the polarization potential defined above, is
For the static potential, the Ith Born phase shift, Eq. (5), defined to be T sS h is (for details see Appendix C)
where v, z, a, S, and m are defined in (16). QI is the Legendre function of the second kind. The corresponding Born
For a given impact energy, the polarization potential provides the major contribution and the static potential a non-negligible contribution to' the phase shifts of higher partial waves especially for the case of positron impact.
The reason is that due to the opposite nature of the static and polarization interactions for the positron case, the I first part of the scattering amplitude obtained from the first L exact phase shifts [see Eq. (6)] is smaller for positron impact than for electron impact and thus the relative contribution of the Born-approximation part with static interaction is more significant for positron impact than for electron impact.
III. RESULTS AND DISCUSSION
The differential and integrated cross sections for the elastic scattering of electrons from argon are shown in Figs. 1-4. The single adjustable parameter d in the polarization potential has been varied, for each impact energy, to fit, as closely as possible, the experimentally observed differential as well as integrated cross sections for elastic scattering of electrons from argon. It was noticed that a finite range of values of d could be used for such a fitting procedure. Table I .,
10"
10. Table I for various electron-impact energies, the computed DeS curves and the integrated elastic cross sections remain close to the corresponding experimentally measured values. The value of d that, in our judgment, gave the best fitting was used for final computation of differential and integrated elastic cross sections for the scattering of both the electrons as well as the positrons. The DeS curves in the forward direction for positron impact are more sensitive to the value of d than the corresponding curves for electron impact due to the tendency of cancellation between the static and polarization interactions for the positrons. The differential cross sections for the elastic scattering of positrons from argon are shown in Fig. 5 . Numerical values of the differential and integrated elastic cross sections for the scattering of electrons and positrons from argon are provided in Tables II and III. A comparison of the various cross sections calculated here, for electron scattering, with corresponding measured values is given in Figs. 1-4 27 and Filipovic''? at larger angles becomes progressively poorer as the electron-impact energy becomes large. The differential cross sections measured by Williams and Willis 19 are almost always lower than our calculated cross sections at the minimum points. The integrated elastic cross sections given in Table IV are consistent with the available experimental values except with those of Srivastava et al. 27 which are lower than our calculated values. The transport cross sections, which represent the moments of 1-(cos8)", and which are related to the momentum transfer or diffusion cross section (for n = 1), viscosity and thermal conductivity cross section (for n = 2), etc.,74 for both electrons and positrons are tabulated in Table V curves show a minimum at low energies which shifts tochange in either the incident projectile energy or the ward the forward direction with increasing impact energy.
scattering angle is associated with an appreciable increase The increasing depth of this minimum on lowering the in the differential scattering cross section. The low.. impact energy suggests the existence of the critical point energy critical points for various positron-rare-gas-atom for the positron-argon system. The critical points systems have been predicted by Wadehra et al. 75 So far represent the points of minimum scattering, where a small the measurements of the angular distributions of elastic Table IV with the measured total positron-argon collisional cross sections. Higher transport cross sections and the lowest seven phase shifts for positron-argon elastic scattering are given in Tables V and VI, respectively. No comparison of these numbers is possible due to the lack of measurements of these quantities.
Finally, an attempt was made to obtain the cross sections for the elastic scattering of ultralow (~2.5 eV) energy electrons and positrons by argon. In this energy range, no experimental numerical values of differential cross sections for electron impact are available. Thus it was not possible to obtain the low-energy parameters such as the scattering length and effective range for the positronargon system using the present procedure.
In the present paper we have obtained various cross sections--differential, integrated, momentum transfer, etc.-and the corresponding phase shifts for the elastic scattering of positrons and electrons by argon. These cross sections compare favorably with the recent measurements of elastic differential scattering of intermediateenergy positrons by argon. With the anticipation that similar measurements will be made for other rare-gas targets in the near future, we are presently calculating the cross sections for the elastic scattering of low-and intermediate-energy positrons by He, Ne, Kr, and Xe by a similar procedure. The standard recursion relations76 can be used for the J/(x)=V1T/2x (x /2)/ + 1/2oFJ(1 + t; _x 2 /4)/r(z + +) .
generation of the spherical Bessel functions n/(x) and k, (x) for any value of the argument x and for increasing l
The function oF. can be evaluated using the rational approximation."? When the argument x ofit is large (> SO), the rational approximation for oFt becomes unstable. 
where QI is the Legendre function of the second kind, Eq. (22) is obtained. The argument of the QI function, 1+z2/(2k 2 ), is greater than 1 and therefore the recurrence relation cannot be used for the generation of the functions for increasing 1. One convenient way to evaluate a Q/ function is to write it in terms of Gaussian hypergeometric function 
ic. Ramsauer, Ann. Phys. (Leipzig) 66, 546 (921).
